Noncentrifugal brown sugar (called panela in Colombia) is a natural sweetener obtained from the extraction, purification, and concentration of sugarcane juices. In this work, energy and productivity yield of a traditional furnace for panela production were evaluated, considering five performance indices. Experimental productions were developed in a pilot plant facility, analyzing furnace gas emissions of furnace and bagasse properties. Mass, energy, and exergy balances were performed. e following indices were obtained from the experimental runs: energy efficiency 12.726 ± 1.091%, exergy efficiency 9.013 ± 0.710%, energy losses through chimney 72.293 ± 11.507%, yield 0.144 ± 0.021 kg panela /kg bagasse , productivity 7.450 ± 0.520 kg panela /h, and bagasse consumption 1.258 ± 0.139 kg bagasse consumed /kg bagasse produced . It was found that these outcomes were strongly influenced by excess air and gas circulation velocity through the furnace, which affects the combustion rate and heat transfer between the gases and the juices. Finally, it was concluded that the traditional scheme is inefficient and requires various critical operational adjustments, such as combustion chamber, chimney draft control, and heat exchangers design.
Introduction
Noncentrifugal brown sugar, called jaggery in India, panela in Colombia, and rapadura in Brazil, is a natural food obtained by extraction and concentration of sugarcane juices (Saccharum officinarum). Worldwide, it is used as a sweetener or as a ready-to-consumer product, highly valued for its appreciable energy supply and contribution to the food security. e main component of panela is sucrose, although glucose, fructose; vitamins A, C, D, E, and B; and minerals such as calcium, iron, potassium and zinc also stand out [1, 2] . In the world, Colombia has the highest consumption of noncentrifugal brown sugar per capita (22 kg/year) and is the second highest international producer with a 12% global market share. Approximately 350,000 families work in the Colombian noncentrifugal brown sugar sector, which produces more than 1,330,000 tons of panela annually in 236 municipalities [3, 4] . e production of panela from sugarcane is performed in locations called sugar mills (trapiche in Spanish), through ancestral and traditional methods. To obtain noncentrifugal brown sugar, the sugarcane juices are extracted using a mill, to be subsequently filtered, purified, and clarified. When the contaminants have been removed, it proceeds to evaporation and concentration of sugarcane juices using a series of metal receptacles, heat exchangers, or pans. e residual bagasse of the milling is used as solid fuel material. e determination of appropriate heating time is made empirically. Finally, the concentrate taken from the pans is beaten and molded, and then the noncentrifugal brown sugar is packed as the final product [5] . e technological system, in which thermal energy transfer is carried out between the combustion gases and the juices, in order to reach dissolved solids concentration between 88-94°Brix, is called traditional furnace ( Figure 1 ). e traditional furnace is composed of the bagasse feed zone, combustion chamber, gases circulation tunnel, heat exchangers, and chimney. High energy loss in the traditional furnace is the principal disadvantage of this technology. Additionally, the overall productivity of the process is diminished by factors like exhaust gases leaving the chimney, poor combustion, and the low heat transfer through the system. is feature is also carrying environmental problems such as burning of tires, plastics, and wood [6] . In order to enhance the energy e ciency of the traditional furnace, some research projects have been performed: sugarcane concentration system using steam, multiple e ect evaporators, and di erent CIMPA type multie cient combustion chamber designs can be found in the scienti c papers.
In order to evaluate the process used in Colombia for transforming sugarcane into panela, and propose a future intervention to strengthen of the most critical points in the technological system that directly a ect the energy indices and productivity yield of the furnaces, the goal of this work was the energy and productivity yield assessment of a traditional furnace employed in the noncentrifugal brown sugar production, considering the following six indices: energy e ciency (%), exergy e ciency (%), energy loss through chimney (%), yield (kg panela/kgbagasse ), productivity (kg panela/ h), and bagasse consumption (kg bagasse consumed/kgbagasse produced ).
Materials and Methods
Experimental runs for panela productions were developed in a traditional furnace, placed in the municipality of Supía, Caldas, Colombia. e raw materials used were the most uniform possible, acquiring cane sugar juices, bagasse, and clarifying agent with a sole provider. Five noncentrifugal brown sugar productions were realized. In each one of them, the end product (panela) was obtained at 120°C of temperature and a dissolved solids concentration equal to 90°Brix. Sugarcane juices used in the process had an average dissolved solids concentration between 17 and 18°Brix [7] .
e clari cation process of cane juices was performed using mucilage from cadillo plant (Triumfetta láppulal) like clarifying agent, added during the clari cation process at 70°C of temperature [8] . In order to reach the stable state during the experimental runs, the traditional furnace was operated initially heating arbitrary volumes of water for one hour, or until the temperature of the chimney gases gotten constant values.
e following parameters were controlled and registered in each treatment: bagasse consumption rate, sugarcane juice quantity, clarifying extract dosage ( occulant), collected mud (suspended matter obtained during the clari cation process), work time, dissolved solids concentration in juice and panela (ATAGO PAL-3 Digital Refractometer), temperature for the addition of mucilage from cadillo, temperature at the nal point of panela (Type K ermocouple, associated with a ermoWorks Microtherma 2), room temperature, and relative humidity (EXTECH ermo-hygrometer).
An evaluation of gases emissions form chimney was executed using the methodologies established by EPA [9] , taking the following information: temperature and velocity of uid, humidity, excess air, and concentration of carbon monoxide (CO), carbon dioxide (CO 2 ), oxygen (O 2 ), nitrogen (N 2 ), sulfur dioxide (SO 2 ), and nitrogen dioxide (NO 2 ). A combustion gas analyzer (E-Instruments 5500) and an isokinetic sampling console (ES-Environmental Supply Company C-5000) were used for measuring these variables. Moreover, samples of bagasse from each production were collected. ey were analyzed in the Fuels and Combustion Laboratory of the Universidad del Valle, located in Cali, Colombia, in order to determine the moisture, carbon, hydrogen, nitrogen, sulfur, oxygen, and ash content by element analysis and the lower calori c value (MJ/kg) through proximate analysis.
Mass
Balance. Assessment of the traditional furnace was performed using the outcomes obtained from ve experimental run productions. ermal, physical, and rheological properties of sugarcane and panela were taken of Arias et al. [10] . Mass, energy, and exergy balance were solved using Microsoft Excel 2013 and Matlab R2013a software. e mass balance of the traditional furnace for manufacturing panela was adapted from the methodology described by Velásquez et al. [6] and Shiralkar et al. [11] , supposing mass balance without chemical reaction and steady state conditions. Figure 2 shows the material ows involved in the process. Global mass balance is described by (1) . Equations (2)- (4) were used for the combustion chamber, gas duct, and the chimney (Figure 1) . 
Knowing the excess air of combustion for each trial, and considering the elemental composition of the dry bagasse, the air supply into the traditional furnace was estimated. e initial oxygen content in the bagasse and the stoichiometry of the reaction were taken into account to quantify the theoretical oxygen required for the complete combustion of C, H, and S. With the molar composition for the standard air, the oxygen and nitrogen mass inlet to combustion chamber were determined as dry air. e air absolute humidity, in kg H 2 O /kg as , was calculated according to Geankoplis [12] , and mass of water in the air intake was determined. Exhaust gases volumetric flow, given in m 3 /s, was quantified as the product between the chimney gases velocity and the cross-sectional area of the duct at the sampling point. On the other hand, the total mass of chimney gases was calculated knowing their density in kg/m 3 . e methodology proposed by Seader et al. [13] was used for density estimation.
e quantity of dry exhaust gases and the humidity leaving the chimney were determined using the data provided by the emissions analysis, through (5) and (6) . At the end of each production, the unburned residue that was accumulated into the gas duct was collected in order to quantify its mass.
For determining evaporated water mass in the concentration process, (7) was solved. e collected mud during the clarification of each production was decanted for one hour and later weighed. e solid material (m sch ) and the remnant juice in the mud (m lch ) were split, according to (8) .
e panela obtained from each experimental runs was weighed, packaged, and stored.
Energy and Exergy Balances.
Energy balance for the traditional furnace was solved following partially the model presented by Velásquez et al. [6] , keeping steady state conditions (according to Figure 3 ). e reference temperature and pressure were 0°C and 1 atm, respectively. Equation (9) develops global energy balance for the process:
Using the lower calorific value of the bagasse, expressed in MJ/kg, the energy quantity associated with this material was calculated.
e enthalpy of the ambient humid air (kJ/kg as ) was found according to Geankoplis [12] .
For the sugarcane juice, solid contaminants, flocculant extract, and panela, the following mathematical expressions were used:
120°C was established like the final temperature at which noncentrifugal brown sugar was obtained (T point � 120°C). e solid contaminants specific heat (flocculant) was assumed as 2.2 kJ/kg·°C. is property was calculated as a mix of water and carbohydrates. According to Montoya and Giraldo [14] , the mud-specific heat was taken as 2.8 kJ/kg·°C. e steam energy and energy of chimney gases were given by (13) and (14) . For determining the thermodynamic properties of evaporated water and chimney gases, the SoaveRedlich-Kwong (SRK) model was used [13] . e roots of the equations were found with Matlab software version R2013a. For the case of the chimney gases, the rules of mixing proposed by Seader et al. [13] were used to estimate specific volume, molar enthalpy, and molar entropy. e k ij value was predicted according to Coutinho et al. [15] .
Exergy balance, according to Velásquez et al. [16] , was developed for combustion chamber, gas duct, and chimney in steady state. In addition, exergy analysis involves the pans system where the cane juice, evaporated water, and panela streams were considered (see Figure 4 and (15)).
Ex bh + Ex jc � Ex gh + Ex ae + Ex p + Ex dp ,
e physical exergy of chimney gases was calculated in order to establish their available energy, as shown in (17) .
e kinetic and potential exergy were neglected [17] .
Physical exergy for the air, the bagasse, and the raw juice were taken as zero, since both materials enter to the system at room temperature. Ashes exergy was neglected, because its low mass has a minimal level of energy. e air does not have chemical exergy, given that this substance forms part of the natural environment [16] . According to Kotas [18] , bagasse chemical exergy (Ex Qbh ) was given by the expression
Velásquez et al. [16] reported a chemical exergy for the sucrose of 7.06 kJ/kg and (20) to calculate the chemical exergy of sugarcane juice.
Chimney gases exergy have both physical and chemical components.
e physical availability is known by (17), while chemical exergy was calculated through [16] :
Traditional furnace for manufacturing panela
Gas duct Heat exchangers
Figure 3: Energy balance in traditional furnace for making panela, energy in kJ. E 1 : bagasse, E 2 : air, E 3 : sugarcane juice, E 4 : solid contaminants in the sugarcane juice, E 5 : flocculant extract, E 6 : noncentrifugal brown sugar produced, E 7 : mud, E 8 : steam released during the evaporation, E 9 : chimney gases, and E 10 : other energy losses.
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To determine total exergy efficiency of the production process, water and panela exergy values may be determined.
e physical and chemical exergies were obtained from Kotas [18] .
Ex ae � m ae * Ex Fae + Ex Qae ,
2.3. Performance Indices. e traditional furnace for manufacturing panela was analyzed considering the indices presented in Table 1 , proposed by Velásquez et al. [6] and Velásquez et al. [16] . Table 2 shows the results of the elemental and proximate analyses of sugarcane bagasse. e bagasse characterization outcomes are similar to those reported by Shiralkar et al. [11] . Nevertheless, it is worth noting that bagasse composition depends on cane variety, soil conditions, and crop nutrition [5] . For this reason, and considering that the cane harvest was done in a single cut, some differences with respect to available information in the literature can be found. For example, the lower calorific values reported by Shiralkar et al. [11] were found between 15.20 and 16.40 MJ/kg, determined for bagasse samples from different locations.
Results and Discussion

Sugarcane Bagasse Characterization.
According to Sánchez et al. [19] , in a fixed-bed combustion, gases composition and combustion rate can be optimized using bagasse with a moisture content between 10% and 30%, as used in this work. Low water content in solid fuel drives an appropriate carbon into CO 2 conversion, increasing the volatile compounds release rate and the material oxidation. In this way, the combustion efficiency can be increased in a range between 49% and 55%, compared to the use of bagasse with humidity greater than 40%. In addition, the combustion temperature is 16% higher [19] . Traditional furnace for manufacturing panela Figure 4 : Exergy balance for the traditional furnace, exergy in kJ. Humid bagasse (Ex bh ), sugarcane juice (Ex jc ), evaporated water (Ex ae ), panela (Ex p ), chimney gases (Ex gh ), and exergy destruction (Ex dp ). Ex ap represents the exergy harnessed and consumed during the operation and corresponds to the sum of Ex ae and Ex p . Table 3 shows the results for the exhaust gases analysis. e excess air was very high, compared with the parameters indicated by Kuprianov et al. [20] and Sánchez et al. [19] , who suggested percentages of excess air between 55% and 61%. For this reason, a decrease in the combustion flame temperature was presented [11] . Among the different treatments evaluated, a reduction of temperature up to 50°C was found in the worst cases. Moreover, this additional air can be placed on the pans forming an isolating layer, affecting the heat exchange efficiency [21] .
Gas duct Heat exchangers
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Isokinetic Sampling and Analysis.
High excess air, in the case of lots 03 and 04, promoted lower carbon monoxide formation and a complete combustion phenomenon [22] [23] [24] . When the flame front is generated in a uniform way over bagasse (not shallow), the CO concentrations decrease due to oxidation of both volatile and carbonized materials [20] .
e chimney gases temperature in experiments 03 and 04 were greater in comparison with productions 01, 02, and 05, independent of the existence of an additional airflow that cooled the system. is fact enhances the heat transfer in the two mentioned cases, which is governed mainly by the mechanisms of radiation and forced convection.
According to Parra [25] , the optimal gases velocity through the duct is equal to 4.5 m/s. In all experimental runs, the exhaust gases velocity was below of this value, which clearly indicates a chimney draft deficiency. Considering that the principal heat transfer mechanisms in the process are radiation and convection, the fluid slow circulation through the furnace affects its energy efficiency, which might increase with the redesign of combustion chamber and furnace [24] . Table 4 shows the furnace performance indices. For obtaining these indices the mass, energy, and exergy balances established in this work were solved.
Energy, Exergy, and Productivity.
All performance indices, except energy efficiency index (%e), were found within the ranges established by Velásquez et al. [6] , Velásquez et al. [16] , and Sardeshpande et al. [24] . In the traditional furnace, an average efficiency of 12.73% was obtained, while the minimal efficiency reported by the cited authors was 28%. Nevertheless, the references mentioned that this parameter can fall down to levels of 15%. e low energy efficiency of the traditional furnace used in the current study can be attributed mainly to a wrong design of the combustion chamber and the heat transfer section [6, 21] . Additionally, in the pilot traditional furnace, bagasse inlet was located on a lower level to that of the construction, limiting the uniform contact between the primary air and solid fuel (bagasse). Moreover, installed heat exchangers correspond to traditional semicylindrical pans, placed in parallel flow with respect to the combustion chamber, which makes that technology inefficient by its design. It is highlighted that this type of pan exhibits low overall heat transfer coefficients [11, 21] .
ermal loss through the furnace walls and chimney is other feature that aids to further decrease energy efficiency. Likewise, excess air in traditional furnace demands a complementary energy transfer to achieve its preheating. To guarantee drying, devolatilization, and oxidation during the combustion, a portion of bagasse energy available was used, denoting an irreversibility in the process, which reduced energy and exergy efficiencies in the traditional furnace [11, 19] .
Despite having the lowest energy loss through the chimney, lots 01 and 05 also present a lower energy efficiency. e energy efficiency index, by definition, refers to the amount of heat lost with the gases leaving the line. In turn, this parameter is a function of the outgoing gases enthalpy and temperature [26] . In these two experimental cases, the lowest temperatures in the chimney were found; as a consequence, the energy efficiency in lots 01 and 05 were smaller. In addition, minor air excess during the combustion phenomena for these two experimental runs is the main cause of the few energy and exergy in the gases flow [20, 22] . Also, the lowest excess air drives an incomplete combustion generating a high carbon monoxide concentration.
e CO has lower enthalpy and thermal conductivity than the International Journal of Chemical Engineering species obtained from complete combustion. is fact causes the heat transfer velocity reduction inside the furnace [1, 17] . e highest CO concentration from incomplete combustion implies a physical exergy 30% lower in comparison with the physical exergy when the CO 2 formation predominates during the complete combustion. In this way, in an incomplete e indices are %e, energy efficiency, %e x , exergy efficiency, %n, index of energy loss through chimney, R, process yield, P, productivity, B, bagasse consumption.
* Mean values for the five production lots ± standard deviation. Fusion between the operation in countercurrent and parallel flow: juice clarification near the chimney, evaporation above the combustion chamber, and final concentration of the product in the center of the furnace.
(i) Increase of energy efficiency: Use of high amounts of heat for the evaporation of the water present in the juice (phase change) (ii) Preservation of panela quality: e final product is protected from burning by the action of the maximum heat transfer in the concentration zone
Use of improved combustion chambers: WARD-type chamber (CWC), developed by CIMPA (Colombia)
Combustion chamber with a drying ramp for wet bagasse. It has and independent entrance section, both for primary and secondary combustion air. (i) Improvement in the heat transfer rate to the juice, as the steam is a cleaner fluid (ii) Possibility of using natural gas as fuel in the boiler, making the process more convenient from the environmental point of view (iii) Greater control and automation potential (iv) Increase in the scale of production, also allowing the reduction of associated costs combustion, the exergy from the gases is lower, contributing to a less energy availability to be used for carrying out the heating and evaporation of sugarcane juice and panela [16, 19] . e average exergy efficiency for the experiments was 9.013 ± 0.710. Considering the values reported by Velásquez et al. [16] , between 7.33% for an industrial process working with steam and 22.06% for an improved counter-current furnace (called GIPUN), it can be concluded that the exergetic performance of the traditional furnace was within standard values. For the same type of technology used in this research, cataloged as traditional and artisanal, the authors found an exergy efficiency of 10.94%.
Because of low energy efficiency index found in the process assessment, none of the experiments presented a self-sustaining fuel (B < 1). is fact indicates a low utilization of biomass energy resource. In all experimental runs, exergy flow in exhaust gases with available potential was proved. us, exergy available can be performing subsequent heating operations using the hot chimney gases as the energy main source.
High standard deviation presented by the results was due to the minimal control maintained over the excess air and the combustion process, which directly affects the composition, temperature, and velocity of the chimney gases [6] . In cases of minor oxidizing flow (Lot 01, 02 and 05), it causes a biomass incomplete burn, a low heat transfer via convection, and a great emission of particulate material [20] .
As can clearly be seen, the combustion phenomenon directly affects the energy, exergy, and productivity indices for the traditional panela-making furnace.
e operation efficiency also depends on the way in which the heat transfer is carried out between the energy resource and the evaporated juice.
erefore, its behavior depends directly on the area and the heat transfer coefficient, as well as on the temperature difference between the gases and the pans [11, 16, 21, 22, 24, 26] . According to Gutiérrez et al. [27] , certain modifications can be made to the traditional process, in order to improve its performance from different the points of view. Table 5 presents some of these technological options.
Conclusions
e assessment of traditional furnace for manufacturing panela indicates that this technological configuration offers certain performance limitations and control over some operations, such as bagasse combustion, concentration of sugarcane juice, and noncentrifugal brown sugar obtaining. Among these problems, are highlighted the inappropriate location of the bagasse inlet, deficient furnace wall isolation, selection and use of inefficient pans (heat exchangers), high energy loss with exhaust gases, poor chimney draft, and the solid fuel uncontrolled burning. ese last two aspects affect the traditional furnace performance, due to the fact that it gives way to the existence of an incomplete combustion phenomenon, generating low heat transfer rates through the juices, additionally producing carbon monoxide, particulate material, nitrous oxide and sulfur oxide. According to this, it can be concluded that the artisanal methods are inefficient from an energy and productivity point of view and generate a high environmental impact on the areas around the sugar mills. e excess air is the most important factor that must be analyzed and controlled to enhance energy and productivity performances in the panela manufacturing process, since contact between the solid fuel and air allows using efficient advantage of the bagasse energy resource. Chimney gases composition depends on the factors temperature and velocity air through the furnace. e production process can be detained due to the loss through chimney draft and furnace duct clogging. In a direct manner, the excess air and chimney draft control the heat transfer rate by convection and radiation among the juices and fluids.
Nomenclature
B:
Index for bagasse use and consumption (kg used bagasse /kg produced bagasse ) Cp fl :
Flocculant specific heat (kJ/kg·°C) Cp jc :
Cane juice specific heat (kJ/kg·°C) Cp p :
Panela specific heat (kJ/kg·°C) Cp sch :
Specific heat of mud (kJ/kg·°C) Ex ae :
Exergy of evaporated water during the juice concentration (kJ) Ex ap :
Harnessed exergy (kJ) Ex bh :
Humid bagasse exergy (kJ) Ex dp :
Exergy destruction in the process (kJ) Mass enthalpy evaluated at room temperature (kJ/kg) m aa :
Water mass, with the combustion air (kg)
